Mineralized collagen fibrils (MCFs) are distinct building blocks for bone material and perform an important mechanical function. A novel experimental technique using combined atomic force microscopy and scanning electron microscopy is used to manipulate and measure the mechanical properties of individual MCFs from antler, which is a representative bone tissue. The recorded stress -strain response of individual MCFs under tension shows an initial linear deformation region for all fibrils, followed by inhomogeneous deformation above a critical strain. This inhomogeneous deformation is indicative of fibrils exhibiting either yield or strain hardening and suggests possible mineral compositional changes within each fibril. A phenomenological model is used to describe the fibril nano-mechanical behaviour.
INTRODUCTION
The origin of the outstanding mechanical properties of bone is contentious, with structural organization over different length scales and constituent properties all expected to contribute [1] [2] [3] . Separating these potentially synergistic effects is critical in understanding the mechanism for bone deformation and fracture, but is often hindered by the difficulty in testing components that have dimensions approaching the nanoscale. Collagen fibrils (CFs) are one such constituent that act as an organic framework in all bone material and are thus expected to play a significant role in determining the mechanical response of bone. A diversity of CF assemblies exist in bone materials, with the antlers of deer [1, 4, 5] notable as one of the toughest natural materials. Bone is structurally a composite as nano-fibres of CFs act as a template for the mineralization of carbonated apatite crystals. Importantly, many of these apatite minerals are intra-fibrillar in antler and provide a model composite fibre system of collagen reinforced with mineral, as opposed to many other bones where the mineral is also found in extra-fibrillar spaces [4] [5] [6] [7] . Despite this structural information, the mechanical properties of these mineralized collagen fibrils (MCFs) and their influence on the overall bone mechanics, such as toughness in antler, have yet to be determined.
In this paper, we perform tensile testing on individual MCFs from antler using a combination of atomic force microscopy (AFM) to manipulate and mechanically test individual MCFs and scanning electron microscopy (SEM) to provide high-resolution in situ imaging. The combined AFM-SEM technique allows direct mechanical testing of MCFs from bulk bone specimens, which has yet to be obtainable using current methodology [8] [9] [10] . Specifically, previous work has examined the mechanical properties of unmineralized CFs from a number of sources directly using AFM [9, 10] . AFM is often preferred to other techniques as both highresolution imaging and mechanical deformation can be provided using a single AFM probe. First attempts on direct mechanical testing of in vitro-assembled human type I CFs were carried out by Graham et al. [11] using an AFM probe to pull an individual CF from a connecting substrate. However, the relatively low CF elastic modulus (32 MPa) suggested sliding of the CF from the AFM probe during testing, which was overcome using glue at the fibril-AFM probe junction to give modulus values approaching 0.8 GPa [10] . Further research was carried out on the mechanical properties of unmineralized individual CFs from sea cucumber using a microelectromechanical systems (MEMS) device [9] . The selection from this source was beneficial as the fibril diameters are typically relatively large, allowing manipulation of fibrils under optical microscopy for nano-mechanical tests. However, both AFM and MEMS devices are limited as individual fibrils are required to be first removed from the parent material sample, typically using chemical treatments that will dissolve hydroxyapatite in mineralized fibrillar assemblies. Other methods have overcome this limitation by using combinations of synchrotron X-ray diffraction together with tensile testing [7, 12, 13] and nano-indentation [14] to deform bulk bone materials and derive CF and mineral mechanics. While powerful, these techniques average the mechanical properties of the constituents over the volume of interest, typically many tens of cubic micrometres in the case of X-ray diffraction. Therefore, the mechanical properties of MCF constituents as well as their influence on bone deformation and fracture are still to be ascertained.
EXPERIMENT
The prevalence of mineral within the collagen fibrillar framework in antler makes this material an ideal source of model MCFs. Specifically, most of the mineral in antler is found within the fibril, resulting in a simple composite fibre of mineral-reinforcing collagen molecules as shown in figure 1a. Antler is notable as a bone material that exists outside the body, and the cortical bone tissue in antler is known to have low water content varying from 13.2 + 1.2 to 22.2 + 4.8% depending on different times of the year [15] . This relatively dry state of the antler is more compatible with the environment of an electron microscope chamber.
Samples were extracted from the main beam from the antler (after removal of velvet) of a mature red deer (Cervus elaphus). Because recent studies have shown that the selection of tissue region within the antler beam affects the composition and mechanical properties [7, 15] , the samples were selected from the same compact cortical shell near the antler -pedicle junction. Small beams of antler with dimensions of 3 Â 20 Â 0.2 mm were cut from the bulk material by using a water-cooled rotating diamond saw (Struers Accatom-5). The long direction of samples was oriented parallel to the antler main beam direction, which is also the principal osteonal axis. The beams were transferred into Hank's balanced solution and left overnight. This procedure allows full sample rehydration and mitigates mineral loss that may occur in distilled water or physiological saline. Samples were fractured perpendicular to the long axis to expose a number of individual fibrils at the fracture surface. Water on the surface of the sample was removed by filter paper to avoid interference with SEM imaging.
Nano-mechanical testing of individual MCFs was performed using a custom-built AFM (Attocube GmbH, Germany) fitted within the chamber of an SEM (Quanta 3D Environmental SEM, FEI Company, EU/USA). The combination of both SEM and AFM is powerful as the AFM provides high-resolution force information while the SEM gives imaging capabilities. The applications of AFM -SEM combination on testing fibrous samples at the nanoscale have been recorded previously [16, 17] . A schematic of the combined AFM -SEM set-up is shown in figure 1b and highlights how the AFM probe is perpendicular to the fracture plane of the antler and along the principal axis of the exposed CFs. Clamping of an individual CF to the end of the AFM probe was achieved by first translating the end of the AFM probe into a droplet of glue (Poxipol, Argentina) contained within the SEM chamber. Removal of the AFM probe from the glue deposited a small amount of glue at the apex of the AFM probe. The AFM probe was subsequently moved towards the free end of the exposed CF until contact between the fibril and the glue at the AFM probe apex was achieved as shown in figure 1a. This contact was achieved consistently within a 3 -5 min timeframe from the fixing of glue within the SEM chamber. Manipulation and attachment of the CF to the AFM probe was observed using the electron beam of the SEM at long working distance (15 mm) and low accelerating voltage (2 kV) to ensure that no electron beam damage occurs, as has been shown for soft polymer systems [17] . Solidification of the glue occurred approximately 10 min after contacting with the fibril free end. We note that the manipulation of CFs requires SEM imaging as opposed to AFM imaging. AFM imaging is suitable for examining bone specimens where the CFs are in the plane of the fracture surface [18, 19] but is unable to image surfaces where the CFs are perpendicular to the fracture surface because of the instability of this surface to the imaging AFM probe. Fibrils attached to the AFM probe were used for subsequent tensile testing by translation of the AFM probe away from the fracture surface. This translation caused a corresponding bending of the AFM cantilever until failure of the individual CF as shown in figure 1a, inset. The force applied to the CF was calculated from the spring constant of the AFM cantilever, found using the thermal noise method [20] and measuring the cantilever deflection using an optical interferometer set-up (Attocube Systems, Germany) situated behind the cantilever. The calculation of the stress in the CF requires the accurate determination of the fibril diameter. The diameter of MCFs was measured by pixel analysis in the SEM images captured before mechanical testing using IMAGEJ (NIH, USA). The diameters of CFs mechanically tested in this work have a mean value of 92.4 + 12 nm. All mechanical testing ensured that the CF axis is in the same plane as the SEM image, otherwise force applied to the fibril will cause fibril orientation as opposed to deformation. This configuration was achieved by moving the AFM probe attached to the CF above and below the SEM plane of view. A small force will be recorded during this out of plane movement if the fibril axis is aligned with the plane. Thus, only fibrils with their principal axis in the SEM view plane are tested. All fibrils tested failed in the middle of their free length, away from the holding glue and the bone surface.
X-ray energy dispersive spectroscopy (EDS) microanalysis within an SEM (Inspect SEM, FEI Company, EU/USA) was used to investigate the composition of antler samples used in experiments and verify whether the regions containing the mechanically tested CFs are mineralized. Chemical composition (Ca/P) ratio has been previously used as a marker in EDS for the calculation of the mineral distribution in bone tissues [21] [22] [23] and is thus employed in our study. Twenty EDS spectra within an area of 100 Â 100 mm 2 were collected at the tested fracture surface of antler in order to determine the calcium content. Finally, water loss from the MCF sample owing to exposure to the SEM vacuum chamber during the test was found to be minimal from thermal gravimetric analysis (TGA). The TGA test showed 13.35 + 1.52% water content remained in the specimens exposed to vacuum for 15 min, which is comparable to the fresh antler bone [15] (see electronic supplementary material for further details; figure 2). The manipulation and mechanical testing of the MCFs were accomplished in vacuum over a 10-12 min experimental period, indicating that the samples were still hydrated. This low water loss owing to the short time of exposure in vacuum has also been observed in synthetic nano-fibres swollen with water [17] . In addition, during the mineralization process of CFs, the water in the gap regions of the fibril is replaced by the mineral phase, which makes MCFs less hydrated compared with CFs [24] .
RESULTS
The stress-strain behaviour of six individual MCFs was measured using the AFM-SEM with the results shown in figure 3 . All fibrils show a linear stress-strain response during initial tensile loading up to strains of between 2 and 3.7 per cent. This strain value at the limit of the linear response corroborates previous deformation of hydrated antler using X-ray studies [7] , indicating that the collagen fibrils are also hydrated despite the vacuum environment of the SEM. The linear modulus in region I of the MCF stress -strain curve is highly reproducible with a value of 2.4 + 0.4 GPa and is considerably larger than previous collagen moduli [9, 10] , indicating that the fibrils have some degree of mineralization that improves their stiffness. Further tensile deformation of an MCF causes an observed transition to a mechanically inhomogeneous region II. Fibrils in region II exhibit either yield behaviour or strain hardening including higher modulus and ultimate strength, but a decrease in the fibril ultimate strain to failure. No fibril failure was observed in the SEM image during the tensile testing until catastrophic failure. The last data point in the stress -strain behaviour of the MCFs from figure 3 was recorded just before this catastrophic failure. The detailed mechanical properties of all six CFs are recorded in table 1. The antler bone mineral content at the fracture surface was evaluated using EDS and following previous works [21 -23] . Preliminary SEM back-scattered images shown in figure 4 indicated regions of high and low mineralization at the fracture surface. The corresponding EDS analysis of elements present at the fracture surface, including O, Na, Mg, S, P and Ca, indicated that the calcium content varied considerably from 31.64 to 61.34 per cent. This calcium content shows that the bone is not only mineralized but there is a large variation in the mineral content.
DISCUSSION
The deformation behaviour of individual CFs in tension described by regions I and II is indicative of structural or compositional variation within the fibrils themselves. A mechanistic description of the deformation of individual MCFs can be made by comparing our experimental results in this work with molecular dynamics simulations [25] . These simulations show some similarity with our individual MCF tensile tests, with an initial linear response followed by heterogeneous deformation in the MCF stress -strain behaviour. The initial linear behaviour was mostly from the elastic behaviour of the MCF constituents, and the tensile modulus calculated from region I was dependent on the amount of mineral contained within the fibril. The presence of the mineral phase increases the local yield regions in MCFs when tensile load is applied, which suggests the MCFs fail locally to ensure that the majority of the fibril length remains undamaged after exposure of the fibrils during sample preparation [25] . The linear stress -strain fibril response of the MCFs in figure 3 after primary mechanical tests provided an experimental validation of this mechanism as testing of fibrils after yield will give a nonlinear response. The heterogeneous deformation zone, defined by region II in this work, was shown in the molecular simulation to be also due to the amount of mineral in the CFs. The MCFs in the simulation work displayed a characteristic stress-strain curve similar to that in figure 5b, indicating that deformation in region II is due to intermolecular slippage and failure at the mineraltropocollagen macromolecule interface. We note that other simulations show how intermolecular slippage in non-MCFs is suppressed when cross-link density is increased [8] . However, the MCF behaviour, as shown in figure 5a , indicates a lack of slippage as the stiffness of the fibril increases with increasing strain. The variation in mineral content from EDS investigations suggests that some CFs may be more mineralized than others. Table 1 supports this assumption, with MCFs having a higher tensile modulus in region I also exhibiting an increased tensile modulus in region II. The increased tensile modulus in region II relative to region I cannot be simply due to mineral content and must be 400 mm Figure 4 . SEM back-scattered image of the antler bone fracture surface. The light regions on the image indicate higher mineralization. The corresponding Ca/P ratio in the image varied from 1.48 to 3.12, indicating hydroxyapatite mineral is present [22, 23] , and the content varies throughout the antler bone. Nano-mechanical properties of MCFs F. Hang and A. H. Barber 503 due to stiffening of the fibril with strain. Classical work on tendon, essentially an aligned unmineralized CF array, shows how crimping of tropocollagen molecules is removed with increasing strain, resulting in an increased tensile modulus. The increased tensile modulus in MCFs as shown in figure 5a may therefore be due to the removal of crimping in the MCF. In addition, molecular dynamics simulations do not show this behaviour as the model assumes an uncrimped, uniaxially aligned tropocollagen network. The nano-mechanics of tropocollagen-hydroxyapatite (TC-HAP) systems are strongly dependent on mineral content, but the changes in hydroxyapatite crystal shape [26] as well as their texture and orientation [27] are also considered to have an influence on the mechanical behaviour of individual MCFs. A previous study has shown that the CF morphology [28] and TC molecule length [29] are critical in determining the tensile strength. In addition, the crosslink density of TC networks in single CFs is also believed to play a role in defining the mechanical properties of CFs [8] . A recent atomistic simulation study on osteogenesis imperfecta-affected bone has indicated that the effect of TC mutations on the strength of the TC-HAP system is insignificant [30] , in contrast to previous work [31] . Instead, the mineral distribution has a crucial impact on the overall strength of TC-HAP biomaterials. The implications of nano-mechanical heterogeneity have been more widely studied and previous work has illustrated how heterogeneous deformation in mineralized tissue aids energy dissipation [14, 32, 33] . The principal mechanical function of antler is energy absorption during impact, and therefore promotion of heterogeneous deformation is favourable. Thus, our work highlights how heterogeneous deformation originates from the nano-mechanical behaviour of the MCFs themselves.
In conclusion, the stress -strain behaviour of individual MCFs from antler was measured using combination AFM -SEM. An initial region of homogeneous fibrillar deformation was succeeded by inhomogeneous mechanical behaviour above applied strains of 2 -3.7%. A molecular mechanism is proposed to explain these different fibril mechanical responses to external load. The nano-mechanical testing technique developed in this work may also be applicable to the measurement of bone at different mineralization and diseased states. Figure 5 . Tensile stress -strain curves for MCFs showing two distinct mechanical behaviours. Tropocollagen uncoiling occurs initially in both types of fibrils within region I. In (a), the fibril shows an enhanced elastic modulus in region II owing to mineral increasing the stress transfer between tropocollagen macromolecules. In (b), the low mineral density within the fibrils allows sliding between tropocollagen molecules, resulting in a plastic deformation. (Online version in colour.)
